The effect of multiple changes of the polarization (i.e. direction) of a drained cyclic loading has been studied in about 50 triaxial tests with a simultaneous harmonic oscillation of the axial and the lateral stresses. A fine sand has been tested at various initial densities. Starting from the same average stress in all tests, six different polarizations of the cycles have been applied by choosing different amplitudes and phase shifts between the axial and the lateral stress component. In each test at least 10,000 cycles have been applied. The polarization has been changed every 1000, 2500 or 5000 cycles. The sequence of the polarizations has been varied from test to test. Several reference tests without polarization changes have been also performed. The test results reveal, that the first change of the polarization usually leads to a temporary increase of the rate of strain accumulation. This increase depends on the angle between the subsequent polarizations, while the correlation with density or the number of cycles applied prior to the polarization change is poor. All further polarization changes have only a minor effect on the rate of strain accumulation. Consequently, the final residual strain after 10,000 cycles is only moderately increased by the multiple polarization changes. The consequences of these experimental results for a high-cycle accumulation model describing the cumulative deformations in sand under a high-cyclic loading are briefly addressed.
Introduction
A high-cyclic loading is characterized by a large number of cycles (N ≥ 10
3 ) and relative small strain amplitudes (ε ampl ≤ 10 −3 ). It may be caused by traffic (high-speed trains, magnetic levitation trains), industrial sources (crane rails, machine foundations), wind and waves (on-shore and off-shore wind power plants, coastal structures), repeated filling and emptying processes (locks, tanks and silos), construction processes (e.g. vibration of sheet piles) or mechanical compaction (e.g. vibratory compaction). Permanent deformations accumulated in the subsoil due to the high-cyclic loading may endanger the serviceability of foundations. Consequently, these long-term deformations have to be accurately predicted in the design stage. The highcycle accumulation (HCA) model of Niemunis et al. [11] may be used for that purpose.
In case of wind and waves, the high-cyclic loading frequently changes its direction (also termed polarization). The effect of multiple polarization changes on the cumulative deformations has rarely been studied in element tests so far. Almost all experimental investigations of a high-cyclic loading documented in the literature so far, involving either element, model or field tests, have been performed with a constant direction of the cycles (e.g. [2, 4, 6-8, 12, 15-17, 26] ). The first study giving hints that changes of the polarization of the cycles may accelerate stress relaxation under undrained conditions and strain accumulation in the drained case was that of Yamada & Ishihara [25] . Their true triaxial tests only comprised four cy- [18] did not find a significant alteration of the compaction rate when the polarization was changed by 90
• in the middle of a cyclic simple shear test.
Some multi-dimensional simple shear tests performed by the authors [19, 22] revealed that a change of the direction of the cycles by 90
• leads to a temporary increase of the rate of strain accumulation ( Figure 1 ). However, all tests in [19, 22] were restricted to a single change of the polarization by 90
• . Based on these test results the function f π of the HCA model (see equations in Appendix) describing the effect of polarization changes has been calibrated. Le [5] recently performed a parametric study with polarization changes in another simple shear test apparatus. In that study the angle between subsequent polarizations, the number of cycles prior to the polarization change, the density and the amplitudes prior and after the polarization change have been varied. Based on his test results Le proposed a modification of the original formulation for f π . However, the tests of Le [5] were again restricted to a single change of the polarization.
Therefore, in order to investigate the effect of multiple polarization changes, the test series presented in this paper has been conducted. Considering the inhomogeneous fields of strain and stress usually encountered in simple shear tests [1] , the new experimental study has been performed in the triaxial apparatus. The different polarizations have been achieved by a simultaneous harmonic oscillation of the axial and the lateral stress.
Model tests on pile foundations with changes of the direction of horizontal cyclic loading are documented e.g. in [3, 13, 14] . They are further addressed later in this paper. 
Test device
A scheme of the cyclic triaxial device used for the present study is given in Figure 3 . This triaxial device has been designed and manufactured at the institute of the authors with the aim to enable tests with very large numbers of cycles. The specimen is encompassed in a pressure cell being capable for pressures up to 1000 kPa. A pneumatic loading system is used to apply the axial loading. The pneumatic cylinder is located at the bottom of the test device, so that the axial loading is applied in the upwards direction. This arrangement has the advantage that it enables a specimen preparation inside the test device, i.e. directly on the load piston (see the photos in Figure 4 ). The cell is completely filled with water. The cell pressure is applied pneumatically via an air-water interface, where air and water are separated by a membrane. Two electronically controlled mechanical valves are used to regulate the pressures in the pneumatic cylinder (axial loading) or the cell pressure (lateral loading), respectively. to burette (∆V meas.) The load is measured inside the pressure cell at a load cell located below the bottom end plate. The axial deformations are obtained from a displacement transducer attached to the load piston ( Figure 3 ). The system compliance was determined in preliminary tests on a steel dummy and subtracted from the measured values. Volume changes were measured via the squeezed out pore water using a burette system and a differential pressure transducer (not shown in Figure 3 ). Two pressure transducers were used for monitoring cell pressure and back pressure. All signals were continuously recorded with a data acquisition system (100 records per cycle).
Specimens with a diameter of 100 mm and a height of 100 mm (height-to-diameter ratio h/d = 1) were used in the present test series. They are a standard at the IBF in Karlsruhe for triaxial testing in connection with constitutive modeling because they are assumed to deform more homogeneous than specimens with h/d = 2. In cyclic tests, due to the rather small deformations, specimens with h/d [20] . In order to eliminate end friction effects, smeared end plates composed of a layer of grease and an overlying rubber disk were applied. The bottom and the top end plates are both equipped with a central porous stone of 15 mm diameter connected with the drainage system. All specimens were prepared by air pluviation out of a funnel. Some stages of the specimen preparation procedure are shown in Figure 4 . Different outlet diameters of the funnel were applied to achieve different initial densities. After preparation the specimens were saturated with de-aired water. A back pressure of 500 kPa was used in all tests. Skempton's B value was larger than 0.99 for all specimens tested in the present study.
Tested stress and strain paths
After the B value test the specimens were loaded to the average effective stress with the axial component σ [19, 21, 23] . The intention of the choice of η av = 0.5 was to increase the distance of the average stress to the critical state line (CSL) in the p-q diagram (stress ratio of CSL η = M c (φ c ) ≈ 1.3) and consequently minimize the effect of the polarization, because stress cycles with a maximum stress lying in the vicinity of the CSL could cause larger cumulative rates. After a resting period of one hour at the average stress the cyclic loading was started, i.e. the average components σ 
with time t, period T of the cycles and phase shifts θ 1 and θ 3 . The respective functions in terms of p and q, with
with phase shifts θ p and θ q . All cycles were applied with a loading frequency of f = 0.01 Hz, i.e. a period of T = 100 s. Six different polarizations have been tested. The chosen stress amplitudes and phase shifts are summarized in Table 1. The stress paths for the different polarizations are shown in the p-q plane in Figure 6a while a presentation in the P -Q diagram is provided in Figure 6b . The isometric variables P = √ 3p and Q = √ 3/2q [10] are advantageous in connection with studies on the influence of the polarization because the lengths of the stress paths and the angles between two polarizations are preserved when transferred from a principal stress coordinate system to the P -Q plane. In contrast, they are not preserved in case of the conventional p-q diagram. The time course of P and Q during the cycles is analogous to that of p and q described by Eqs. (3) and (4), with amplitudes P ampl and Q ampl and phase shifts θ P = θ p and θ Q = θ q . In the present test series, two neighbored polarizations differed by an angle ∆α P Q = 30
• in the P -Q plane. Polarizations 1 and 4 were parallel to the P -or Q-axis, respectively, i.e. they represent purely isotropic or purely deviatoric stress cycles.
The development of strain with time during the cycles is shown schematically for the axial component ε 1 in Figure  5b . The first quarter of the first cycle represents a virgin loading of the specimen which usually causes larger residual deformations than the subsequent cycles. Therefore, it is distinguished between the first "irregular" and the following "regular" cycles. The strain during the regular cycles can be divided in a residual (accumulated, plastic) portion ε acc 1
and an elastic portion (strain amplitude) ε ampl 1 . Corresponding to the isometric stress invariants P and Q, the isometric strain components ε P = 1/ √ 3ε v and ε Q = √ 3/2ε q are introduced, with volumetric strain ε v = ε 1 +2ε 3 and deviatoric strain ε q = 2/3(ε 1 −ε 3 ). The intended strain paths during the cycles are shown schematically in the ε v -ε q diagram in Figure 6c and in the isometric ε P -ε Q plane in Figure 6d . The cycles were applied stress-controlled. Based on preliminary tests the stress amplitudes given in Table  1 have been chosen in order to achieve a strain amplitude
for all six polarizations at a medium density D r0 = (e max − e 0 )/(e max − e min ) · 100 ≈ 60 % (see scheme in Figure 6d or test data in Figure 8d ). This strain amplitude is representative for a high-cyclic loading and lies within the ranges tested in previous studies of the authors [19, 22] . Since the HCA model describes the strain accumulation rates during the regular cycles only (see the red dashed curve in Figure 5b ), only the data from the regular cycles are discussed in this paper. In the following, N = 1 thus refers to the end of the first regular cycle (Figure 5b ). With reference to the equations of the HCA model (see Appendix), in the interpretation of the test results it is distinguished between the intensity of accumulation, described by the total accumulated strain ε acc = √ (ε acc 1 ) 2 + 2(ε acc 3 ) 2 or its rateε acc = ∂ε acc /∂N , and the direction of accumulation, expressed by the ratio of the volumetric (ε Table 2 and illustrated in Figure 7 . In case of sequences Nos. 1 to 5 the polarization was changed every 1000 cycles. All six polarizations were involved in the first four sequences while only purely isotropic and purely deviatoric stress cycles (polarizations 1 and 4) were alternatingly applied in the tests with the fifth sequence. The polarization was altered every 2500 cycles in case of sequences Nos. 6 to 16, while 5000 cycles with a certain polarization were applied in case of sequences Nos. 17 to 20. For each sequence at least one test with a medium initial density has been performed (53 % ≤ D r0 ≤ 69 %, see last column in Table  2 ). For selected sequences a lower (42 % ≤ D r0 ≤ 52 %) and a higher (77 % ≤ D r0 ≤ 84 %) density were additionally tested. In few cases, in order to test reproducibility, two tests with loose or dense initial state were conducted. The reference tests were also performed with a wide range of initial densities (42 % ≤ D r0 ≤ 77 %). In these tests 11,000 cycles were applied along polarizations 1, 4 or 5. In all tests a total number of at least 10,000 cycles has been applied.
3 Analysis of the first 1,000 cycles: No influence of the polarization The influence of the polarization itself can be examined based on the first 1000 cycles of each test, since the first polarization change was applied at N ≥ 1000. In Figure  8a the curves of accumulated strain ε acc (N ) measured in six tests with similar initial density but different polarizations are compared. No clear tendency regarding a possible influence of the polarization on the curves ε acc (N ) can be found in that diagram. An inspection based on the data of all tests is undertaken in Figure 8b , where the residual strain ε acc after 1000 cycles is shown as a function of the initial relative density. Despite some scatter this diagram confirms that for a given D r0 the residual strain is only marginally affected by the polarization. Also the direction of strain accumulation is independent of the polarization (Figure 8c ), since the data of the accumulated deviatoric strain ε acc q versus the accumulated volumetric strain ε acc v for the different polarizations fall together on the same line. Based on the knowledge that the polarization itself does not significantly affect the cumulative deformations, next the influence of changes of the polarization can be studied.
Influence of polarization changes
Figures 9 and 10 present the curves of accumulated strain ε acc (N ) during the complete tests. The diagrams in Figure  9 contain data for medium dense sand (53 % ≤ D r0 ≤ 70 %), while the data for either lower (42 % ≤ D r0 ≤ 52 %) or higher densities (70 % ≤ D r0 ≤ 84 %) are provided in Figure 10 . In case of the medium dense specimens, the diagram in Figure 9a collects the data from the tests with polarization changes every 1000 cycles (sequences Nos. 1 -5 in Figure 7 ), while those for the packages with 2500 and 5000 cycles are provided in total Figure 6 . rectangles in Figures 9 and 10 ). All subsequent alterations of the cyclic loading direction had only a moderate impact on the further course of the curves ε acc (N ). The explanations of the experimental observations need to be sought in micromechanics. Some ideas on possible mechanisms are described in the following. They have to be confirmed by a quantitative analysis in future, which goes beyond the scope of the present study. A cyclic loading leads to subtle changes in the orientations of the grains or grain contact normals, usually rendering the sand fabric more stable to the subsequent cycles applied in the same direction, i.e. leading to an adaptation of the fabric to the actual cyclic loading. The consequence is a continuous reduction of the strain accumulation rateε acc with increasing number of cycles, as evident from the nonlinear curves ε acc (N ) in Figures 8a, 9 and 10. In the HCA model this adaptation of the fabric is phenomenologically captured by the preloading variable g A (see Appendix). If the direction of the cycles is altered, the grain skeleton starts to adapt to this new loading direction, showing larger strain accumulation rates directly after the polarization change, due to a larger potential for grain reorientations. After a certain number of cycles applied in the new direction, similar rates as before the polarization change are reached again, since a similar degree of adaptation of the fabric has been established in the new direction. The larger the angle between the two subsequent polarizations involved in the first polarization change, the larger is the increase in potential for new grain reorientations. If the polarization of the cyclic loading returns to a direction already tracked during an earlier package of cycle (or to a similar polarization deviating by a relatively small angle ∆α P Q only), the adaptation of the fabric in that direction established during the earlier cyclic loading seems to be intact. As a consequence no further increase of the strain accumulation rate is observed in such cases. The memory of a sand regarding its cyclic preloading history may be erased by a monotonic loading as recently demonstrated by the experimental study presented in [24] , but evidently not by multiple changes of the polarization.
The ε acc (N ) data in Figures 9 and 10 give hints that the temporary increase of the cumulative rateε acc due to the first change of the polarization is more pronounced if the polarization is changed from a purely isotropic to a purely deviatoric direction than vice versa. A further inspection is undertaken in Figure 11 where the quotient of the rates of strain accumulationε acc ≈ ∆ε acc /∆N before (evaluated from the last 500 cycles of the preceding bundle) and after (evaluated from the first 100 cycles of the subsequent bundle) the first polarization change is plotted in dependence of the angle ∆α P Q between both polarizations. For example, a change from polarization 1 (isotropic) to 4 (deviatoric) or 2 to 5 corresponds to an angle ∆α P Q = 90
• , while a variation from 4 to 1 or 5 to 2 leads to ∆α P Q = −90
• . The three diagrams in Figure 11 contain the data for the three different density ranges. The sequence of the polarizations is indicated by the description i → j, with i and j being the polarizations before and after the change. Evidently, despite the considerable scatter of the data in Figure 11 , the increase of the accumulation rate due to the polarization change is maximal for ∆α P Q = 90
• (e.g. 1 → 4), but not for −90
• (e.g. 4 → 1). The smallest effect of the first polarization change is observed at ∆α P Q ≈ −30
• . No clear correlation with the number of previously applied cycles or with soil density can be concluded from Figure 11 . Figure 12a presents the residual strain after 10,000 cycles in dependence of initial relative density. The different symbols distinguish between different numbers of polarization changes during the cyclic loading. The data do hardly show any clear differences between the tests with 9 polarization changes and those with constant polarization. The same applies to the tests with a single change. Surprisingly, the effect is more pronounced in case of the tests with three such alterations of polarization. Almost independent of initial density, the tests with three polarization changes delivered an about ∆ε acc = 0.1 to 0.2 % larger residual strain than those with a lower or higher number of α P Q alterations.
The ε the influence of multiple polarization changes on the final residual strain may be regarded as less important than previously thought, based on the experiments presented in [22] (Figure 1) or [5] . It seems relevant for the first change of the polarization only and has only a moderate effect on the residual strain after a larger number of cycles. Thus the factor f π of the HCA model, describing the effect of polarization changes, could possibly be omitted. A moderate increase of the rate of strain accumulation (e.g. via a 20 % increase of parameter C N 1 , see Appendix) for problems with multiple polarization changes could be sufficient for practical purposes.
It should be kept in mind, however, that although the effect of polarization changes may be of minor importance on the element test level, it can be of relevance for foundation systems. For example, in case of piles (e.g. [3, 13, 14] ) the change of the cyclic loading direction goes along with a change of the region of soil involved in strain accumulation or stress relaxation. Zones with low cumulative effects before the polarization change may be subjected to a large cyclic impact afterwards, and vice versa. Such influence of polarization changes on the foundation level can be studied in FE simulations with the HCA model. However, such simulations are beyond the scope of the present paper.
Summary, conclusions and outlook
About 50 drained cyclic triaxial tests with a simultaneous harmonic oscillation of the axial and the horizontal effective stress have been performed in order to study the influence of sudden polarization changes, i.e. alterations of the direction of the cyclic loading. Six different polarizations were tested in different sequences. The difference in angle ∆α P Q between adjacent polarizations was 30 degrees in the isometric P -Q plane. The polarization was changed every 1000, 2500 or 5000 cycles. In total at least 10,000 cycles were applied to each specimen. For comparison purpose several reference tests with a constant polarization throughout the whole test were also performed. The initial density was varied between loose and dense.
Based on the data from the first 1000 cycles (before the first polarization change) it can be concluded that the rate of strain accumulation is independent of the polarization itself. This enables the analysis of the effect of polarization changes. The tests revealed that the first polarization change leads to a temporary increase of the rate of strain accumulation, while all further alterations have only a marginal effect on the strain accumulation curves ε acc (N ). The effect of the first polarization change, quantified by the quotient of the strain accumulation rates directly after and before the change, is stronger for larger angles ∆α P Q between both polarizations. A change from a purely deviatoric to a purely isotropic polarization has a larger effect than an alteration in the opposite direction. No clear correlation between the temporary increase of the strain accumulation rate with the number of cycles applied prior to the polarization change or density can be derived from the collected data. Considering a constant density, the tests with 1 and 9 polarization changes delivered almost the same residual strain after 10,000 cycles as the reference tests without any polarization change. In contrast, 3 polarization changes during the 10,000 applied cycles lead to 10 to 20 % higher final accumulated strains. The direction of strain accumulation, described by the ratio of the deviatoric and volumetric strain accumulation rates, was found unaffected by the multiple polarization changes.
Based on the present study it can be concluded that the effect of multiple polarization changes on the cumulative deformations after a large number of cycles is less significant than expected from earlier simple shear test studies. For a practical application of the high-cycle accumulation model of Niemunis et al. [11] to problems with multiple polarization changes the factor f π describing the effect of polarization changes may be omitted. It seems sufficient to increase the overall intensity of accumulation, described by the functionḟ N and its parameter C N 1 , by 10 to 20 % to capture the effect of repeated alterations of the cyclic loading direction.
In future it is intended to study the effect of polarization changes for specimens with a different initial fabric (preparation by moist tamping). Furthermore, it will be investigated if a continuous change of the direction of cyclic loading (i.e. a small ∆α P Q applied after each cycle) leads to larger cumulative rates. An analysis on the micromechanical level will provide a better understanding of the experimental observations. Finally, it should be stressed that although polarization changes seem to be of minor importance on the element test level they can have larger effects in case of foundation systems. 
Appendix: Equations of the HCA model
The HCA model has been originally proposed by Niemunis et al. [11] in 2005. The model is based on the comprehensive experimental parametric study documented in [19, 21, 22] . The basic equation of the HCA model readṡ
with the stress rateσ of the effective Cauchy stress σ (compression positive), the strain rateε (compression positive), the strain accumulation rateε acc , a plastic strain rateε 
where ⊔ → = ⊔/∥ ⊔ ∥ denotes the normalization of a tensorial quantity, while ⊔ * is the deviatoric part of ⊔. For the triaxial case the critical stress ratio M = F M cc is calculated with
wherein M cc = 6 sin φ cc 3 − sin φ cc and M ec = − 6 sin φ cc 3 + sin φ cc (9) with a parameter φ cc . The intensity of strain accumulationε acc in Eq. (6) is calculated as a product of six functions:
each considering a single influencing parameter (see Table 3 ), i.e. the strain amplitude ε ampl (function f ampl ), the cyclic preloading g A (ḟ N ), void ratio e (f e ), average mean 
f e = (C e − e) 2 1 + e 1 + e max (C e − e max ) 2 C e f p = exp 
For a constant strain amplitude, the function f N simplifies to:
The HCA model incorporates a tensorial definition of the strain amplitude. The norm ε ampl = ∥A ε ∥ of the tensorial strain amplitude A ε (fourth-order tensor) enters the amplitude function f ampl . The normalized amplitude − → A ε = A ε /∥A ε ∥ (also a fourth-order tensor) is termed polarization. Another fourth-order tensor π called back polarization is used for a weighted memorizing of the polarization of the cycles in the past. The angle between the actual polarization − → A ε and the back polarization π is termed α (α = arccos( − → A ε :: π) with :: denoting a quadruple contraction of two fourth order tensors, resulting in a scalar variable) and enters the function f π :
with a material constant C π1 . If a package of cycles is directly followed by another package with the same polarization, i.e. α = 0, then no correction of the accumulation rate is needed and f π = 1. If the polarization changes by an angle α then the rate of strain accumulation is immediately increased by the factor f π . The material constant C π1 can thus be calibrated based on the jump in the strain accumulation rate caused by a polarization change. During cycles with − → A ε = constant the tensor π is evolving (rotating) towards the current polarization, π → − → A ε . The evolution of the angle α is described bẏ
with another material constant C π2 . In order to rotate the tensor π by the angle ∆α =α∆N an eighth-order tensor R is used [11] .
